The precise micromanufacturing of complex dies with small structures for sheet-bulk metal forming is a challenge due to the high hardness of the materials to be machined. Experiments have shown that micromilling of these difficult-to-machine materials is possible despite of their high hardness. Nevertheless, the higher wear of the tools plays a decisive role. When implementing the machining task as five-axis process, it is possible to control the wear distribution by tilting the milling tools. In this paper, a simulation system is presented which determines the loads acting on the cutting edge with regard to different criteria, e.g., the machined material or the effective impulse. Based on this knowledge, it is possible to design the milling process to minimize the tool wear and thereby to increase the lifetime of the milling tools. In order to show the applicability of the simulation system, test workpieces were machined and the experimental results are compared to the simulation data.
Introduction
Workpieces with microstructured elements (Figure 1 ) [1, 2] are usually manufactured by die sinking, pulsed laser deposition, or micromilling [3] [4] [5] [6] [7] . The advantages of micromilling [8, 9] are a higher geometric flexibility, a higher material removal rate, and a higher quality of the machined surfaces [10] [11] [12] . However, tool wear [13] and the risk of tool failure is an important factor [14] .
Especially in case of sheet-bulk metal forming [15] , which combines the advantages of sheet and bulk metal forming in order to manufacture complex lightweight components with integrated functional elements, wearresistant forming tools made of hardened steel and highspeed steel are required. Due to the high hardness of the materials, the machining of these components is a challenge [16] . In previous studies, the applicability of commercially available micro end-milling cutters for a manufacturing of dies from hardened tool steel with a hardness above 60 HRC was presented [17] .
The analysis of tool wear-using the Finite Element Analysis (FEA) [18, 19] or different empirical or analytical models [20, 21] -and the monitoring during the machining process [22] are subject of many research works. During the machining of materials with a high hardness, the abrasive tool wear plays a decisive role which is substantially influenced by the distance travelled by the milling tool in the workpiece material. Therefore, the analysis system presented in the following does not use a complex wear model [21, 23] or apply a time-consuming FE model. In contrast, it predicts indicator values of the load on the cutting edge which causes the tool wearlike for example the covered distance, removed material volume, or the impulse acting on the cutting edge. These values are stored during the simulation of the machining process, and the data is prepared in an intuitive visualization [24] in order to allow for an easy visual perception. This knowledge can then be utilized by the NC (Numerical Control) software engineer to optimize the parameter values of the manufacturing process.
Simulation System for Analyzing the Load on the Cutting Edge
The approach for analyzing the load on the cutting edge during the NC milling process is integrated into a geometric time-domain milling simulation. This approach computes the material removal and the cutting forces on the basis of a geometric description of the milling tool (e.g., shape (sphere, torus, cylinder), radius, helix angle) as well as the raw stock material (Figure 2 ) and real NC programs, which include all the required information, e.g., about the position and orientation of the milling tool, the feedrate, and the spindle speed [25, 26] . This simulation system [27] s based on the Constructive i Solid Geometry (CSG) technique [28] , which allows an accurate modeling of the current chip shape C n of the nth cut by combining basic solid objects by Boolean operations [12]:
where M i is the envelope of the tool model and W 0 the raw stock material (Figure 2) . In order to describe the load on the milling tool, the cutting edge is subdivided into smaller segments ( Figure  3 ) and the constructed chip shape is analyzed [29] . One of the main analysis criteria are the forces f i seg (i = n, c, or t)-the normal, cutting, and tangential force f n , f c , f tacting on the corresponding sections of the cutting edge. These forces are computed using the equation of Kienzle [30] :
where b seg is the width and h seg the thickness of the undeformed chip.
At each point in time t, the undeformed chip thickness h(t) is determined by intersecting the chip shape with rays cast from the TCP (tool center point) through various points along the cutting edge (Figure 4) . The distances between the entry and the exit points of the rays are the undeformed chip thicknesses at the segments of the cutting edge (Figure 4(b) ).
Based on the computed thickness and width of the chip, different criteria for the loads can be taken into account. In addition to the common criteria like the accumulated and the maximum cutting forces ([N]), the impulse ([NS]) acting on the cutting edges can be determined. Additionally, the removed material volume ([mm   3 ]), the time ([s]), and the distances ([mm]) of the cutting edge covered in the material can be computed by analyzing the constructed chip shape. In the following, the machining of test workpieces is analyzed based on these criteria and their applicability will be discussed by comparing the simulation with the experimental results.
Analyzing the Machining of a Test Workpiece
In order to demonstrate the idea of this analysis tool, the machining of a simple test workpiece is discussed in the following. The test workpiece with a blank dimension of 30 mm × 40 mm is presented in Figure 5 . The workpiece consists of a slanted and a rounded side. This geometry was chosen since the milling tool is always engaged with the same part of the cutting edges in a three-axis milling process of the slanted side ( Figure 6 ). In case of the machining of the rounded side, all parts of the cutting edges are in engagement. Thus, it is expected that the load on the cutting edge during the machining of the slanted side is only local and, thereby, the tool wear resulting from this load will only appear in the corresponding sections. In contrast, it is assumed that the load during the milling of the rounded side will be distributed along the cutting edge and will be locally smaller than in case of the machining of the slanted side. In this study, the high-speed steel (1.3343) with a high hardness of 63 HRC is machined on a micromachining center, KERN HSPC 2522 ( Figure 5) . The used ball-end milling tool had a tool diameter of d = 1 mm and the experiments were carried out with minimal quantity lubrication, a feed per tooth of f z = 8 µm, a spindle speed of n = 50,000 RPM, and depths of cut of a e = 20 µm and a p = 0.2 mm.
Machining of the Slanted Side
Results of the conducted experiments and of the simulation runs are shown in Figure 6 . In Figure 6(a) , a scanning electron microscope image of the milling tool, which was used in the experiments, is presented. The tool wear is clearly visible in two areas, which are marked with A and B. As mentioned above, there are always the same parts of the cutting edge in engagement during the machining of the slanted side. This results in a high load of the cutting edge in area A. However, the tool wear in area B cannot be explained in that way because this part of the cutting edge is only in engagement for a short time at the end of the process.
In Figure 6 (b), the cumulative removed workpiece volume is depicted over the process time and the number of cutting edge segments (Figure 3) . It is clearly visible that the same area of the cutting edge (number 20 up to number 30) is in engagement. It is also visible that the cutting edge segments (number < 20) are in engagement only during the end of the process (from NC path position 2000). However, the data presented in Figure 6 (b) and the depiction of the cumulative distance (Figure 6(c) ) do not explain the tool wear in area B.
In comparison, the analysis of the effective impulse on the cutting edge in Figure 6(d) illustrates the cause of the tool wear in area B. Although the removed material volume is relatively low (compare Figure 6(b) ), the effective impulse on the cutting edge segments (number < 12) leading to a chipping of the coating is not negligible. This example shows the benefit of considering different criteria during the milling process.
Machining of the Rounded Side
In Figure 7 , the results of the machining of the rounded side are presented. A comparison of the scanning electron microscope images (Figures 6(a) and 7(a)) shows the results of different loads on the cutting edge for the different machining processes. Whereas the tool wear is only local after the machining of the slanted side ( Figure  6(a) ), the whole cutting edge is worn out after the machining of the rounded side since the whole cutting edge was in engagement during the machining. This effect is also visible in the simulation results shown in Figure  7 (b). In contrast to Figure 6(b) , all parts of the cutting edge were in engagement during the material removal process.
Intuitive Visualization
In Figure 8 , another kind of visualization is shown. The different criteria are directly rendered onto the model of the milling tool, so the user has an intuitive visualization of the distribution of the load along the cutting edge. In Figures 8(a) and (b) the cumulative removed workpiece volume and the effective impulse during the machining of the slanted side are depicted directly on the cutting edge segments respectively.
The high load on the parts of the cutting edge between segment 20 and 30 is presented in a way that can be intuitively understood. Compared to Figures 8(c) and (d) , the difference between the two machining processes with regard to the tool load can be easily determined. The cutting edge in Figure 8(c) shows a uniform distribution of tool wear along the cutting edge.
Example: Machining of an Impeller
In order to show the applicability of the presented approach on a more complex machining process, the fiveaxis milling of an impeller (Figure 9) is discussed in the following. For this example, only simulation results of the machining of the impeller are presented. The simulated part of the NC path is depicted in Figure 9(b) . The simulated cumulative and maximum impulse values of the corresponding machining process are visualized in Figure 6 ) advise, for example, to avoid these high impulses (Figure 10(b) ) on the cutting edge. Using this knowledge, the NC programmer is able to optimize the NC paths by tilting the milling tool in order to distribute the load uniformly over the cutting edge by choosing appropriate machining parameters (Figure 11) . Analogously to the visualization of the results of the simple test workpiece, the data (removed workpiece material, cumulative impulse, and maximum impulse) resulting from the simulation of the optimized machining is presented in Figure 11 . The visualization of the maximum occurring impulse shows a relatively uniform distribution along the cutting edge of the milling tool (cf. Figure 10(b) ). This can significantly increase the lifetime of the milling tool.
Only in the cutting edge area at the tool tip, the maximum and the cumulative impulses are zero. The reason for this is shown in the visualization of the removed workpiece volume. Due to the tilting of the milling tool, the tool tip is not in engagement so that no material is removed (Figure 11(c) ). Thereby no force is acting on this cutting edge area.
Conclusions
During the machining especially of hardened material, tool wear plays a decisive role because it decreases the lifetime of the milling tools and leads to a low quality of the resulting workpiece surfaces. When conducting the machining as five-axis process, the production engineer is able to influence the wear behavior by tilting the milling tools. In this paper, a simulation system was presented which gives the production engineer the opportunity to depict the loads on the cutting edge by an intuitive visualization of the important criteria. Based on this knowledge, the production engineer is able to decide whether to use the analyzed NC programs or to revise the NC paths by tilting the milling tool in order to distribute the tool wear along the cutting edge and thereby to increase the lifetime of the milling tools and to increase the quality of the workpiece surface. The idea of this approach-to directly visualize the distribution of the cutting edge load along the cutting edge-was shown by analyzing a simple test workpiece with a slanted and a rounded side. Using the simulated results, the wear behavior of the milling tools after conducting the real machining process could be explained. Afterwards, the simulation of a complex workpiece machined in a five-axis process and the optimization potential were presented. In future works, the simulation system will be improved in order to optimize the milling process in a semi-automatic way.
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